INTRODUCTION 35
Arl4c is a small GTPase that belongs to the ADP-ribosylation factor (Arf)-like 4 protein sub-family 36 (Arl4) (Matsumoto et al., 2017; Sztul et al., 2019) . Despite the high level of Arl4c (also known as Arl7) 37 mRNA detected in human brain tissue, its function in the nervous system remains unknown (Jacobs et 38 al., 1999) Cooper, 2013). These results indicate that Rbx2cKO-Emx1 mice faithfully recapitulate the phenotypes 04 observed in Rbx2cKO-Nes mice without the morbidity caused by hydrocephalus. 05
Depletion of Rbx2 cause a significant number of PNs, identified by staining against DKK3, to 06 localized outside the sp when hippocampi from control and Rbx2cKO-Emx1 mice were analyzed at 07 postnatal day 21-23 (P21-23) ( Figure 1A and 1B) (Diep et al., 2004) . Close examination identified 08 ectopic PNs in the in the stratum oriens (so), which may be expected if migration is defective, but also 09 in the sr/slm, suggesting that CRL5 regulates PN migration and opposes PN over-migration ( Figure  10 1Aa', 1Aa'', and 1C). Most ectopic PNs were observed in the more medial part of the CA1 region with 11 fewer ectopic PNs found in the CA3 ( Figure 1A and 1C ). The number of DKK3+ cells in the molecular 12 layer and granule cell layer of the DG in the Rbx2 mutant mice was also increased (Figure 1Aa ''',1Aa''' ', 13 and Figure 1C ). These results indicate that Rbx2, potentially through CRL5 activity, determines the final 14 position of PNs in the sp and that some PN populations, particularly those in the CA1, and DKK3+ cells 15 in the DG, are more affected by the absence of Rbx2. Similar results were observed in Rbx2cKO-Nes 16 hippocampi, confirming the role of Rbx2 in PN localization independently of the Cre driver used to 17 deplete Rbx2 ( Figure S2 ). 18
To determine whether PN morphology was affected by Rbx2 depletion, Rbx2 mutant (Rbx2cKO-19 Nes) and control (Rbx2 fl/fl) brains were stained with the Golgi-Cox impregnation method. In control 20 samples, labeled PNs were found in the sp with a single apical dendrite perpendicular extending 21 towards the sr/slm ( Figure 1D , purple arrowhead). In comparison, several Rbx2 mutant PNs, identified 22 by the size of their soma and location in the sp and sr, had two main (e.g., "apical") dendrites originating 23 at the soma and extending towards the sr/slm ( Figure 1D , yellow arrowheads). These results indicate 24 that CRL5 participates in the formation of a single apical dendrite in PNs during hippocampal 25 development. 26 27 CRL5 regulates pyramidal neuron localization in a cell-autonomous fashion 28 and 2C). Surprisingly, few GFP+ PNs were found in the so when Cul5 was knocked down (KD) 37 (0.3±0.3%) ( Figure 2B and 2C), suggesting that the migration defects observed in the Rbx2cKO-Emx1 38 hippocampi are a combination of cell autonomous (PN over-migration) and non-cell autonomous (PN 39 migration arrest). 40
Next, we analyzed the apical dendrites in the electroporated PNs. As expected, the majority of 41 GFP+ PNs in control electroporations showed a normal, single apical dendrite extending radially 42 towards the sr and slm (Figure 2a ' and 2D). Depletion of Cul5 disrupted dendrite formation in more than 43 40% of the PNs analyzed ( Figure 2b ' and 2D). Two main defects were observed: 1) a disrupted apical 44 dendrite, where a single apical dendrite is not radially oriented towards the sr/slm; and 2) PNs with two 45 or more "apical" dendrites (i.e. Multiple apical dendrites) ( Figure 2b ' and D). Interestingly, in the majority 46 of cases where PNs had two "apical" dendrites, these dendrites formed a "V-shape" extending to the 47 sr and the slm. These results are consistent with those observed in Rbx2cKO-Nes mice ( Figure 1D To determine which proteins and signaling pathways are responsible for the phenotypes 73 observed in the Rbx2 mutant hippocampus, we performed quantitative mass spectrometry (MS) using 74 the tandem mass tag isobaric-labelling comparing control (Rbx2 fl/fl, n=4) and Rbx2 mutant (Rbx2cKO-75 Nes, n=3) P1 telencephalons (Thompson et al., 2003) . 8088 unique proteins with two or more peptides 76 identified per protein were considered for further analysis ( Figure 4A and Supplementary Table 1 ). 77
Proteins accumulated or decreased 1.5-fold in comparison to control samples and with Student t-test 78 p<0.01 were primarily considered as regulated by CRL5. As previously shown, Rbx2 and Cul5 were 79 downregulated and the bona fide CRL5 targets Dab1 and Fyn accumulated in the Rbx2 mutant samples 80 (Simo and Cooper, 2013). The same results were observed in hippocampal samples from Emx1 mice when levels of Rbx2, pY-Dab1/Dab1, and p-SFK/Fyn were analyzed by western blotting 82 ( Figure 4C ). These results further confirm that, at the molecular level, Rbx2, potentially through CRL5 83 activity, regulates Dab1 and Fyn levels independently of the Cre driver mouse used to knock out rbx2. 84
We observed the accumulation of 20 proteins in the Rbx2 telencephalons, including Arl4c, Cyth-1, and 85
Cyth-3 and Arf6 ( Figure 4A ). Importantly, we confirmed by western blotting that Arl4c, Cyth-1, and Arf6 86 significantly accumulated in the hippocampus of Rbx2cKO-Emx1 mice at perinatal stages ( Figure 4C ), 87 suggesting that CRL5 regulates levels of Arl4c and Arl4c signaling effectors in the hippocampus. 88
However, these results cannot determine whether CRL5-dependent regulation is a direct (e.g., 89
recruiting, poly-ubiquitylating, and targeting effectors for degradation) or indirect (e.g., affecting levels 90 of gene transcription) phenomenon. To test whether transcription was affected in Rbx2 mutant mice, 91 we compared the transcriptome of control and Rbx2cKO-Nes telencephalons (P1) by RNA sequencing. 92
Absence of Rbx2 did not significantly alter the expression profile of any detected gene, including Dab1, 93
Fyn, Arl4c, Cyth-1/3, or Arf6 ( Figure 4B ). These results indicate that CRL5-dependent regulation of 94 Arl4c, Cyth-1/3, and Arf6 is post-transcriptional. 95 96 Arl4c is dynamically expressed during hippocampal development 97
To determine the role of Arl4c in the developing murine hippocampus, we first determined its 98 ontogenic expression. Arl4c was expressed in the hippocampus with maximal expression between P5 99 and P9, which correlates with PN apical dendrite outgrowth, and minimal expression at embryonic and 00 juvenile stages ( Figure 5A and 5B). These changes in protein expression are driven by post-01 transcriptional mechanisms as no significant differences in Arl4c mRNA levels were detected during 02 postnatal development and in the adult hippocampus ( Figure 4B and 5C). Importantly, absence of Rbx2 03 promotes Arl4c accumulation at any stage of development, suggesting that CRL5 is constantly 7 regulating Arl4c levels ( Figure 5D ). Immunofluorescence against Arl4c in a P8 mouse brain indicated 05 that Arl4c is ubiquitously expressed in the brain ( Figure S4 ). Expression of Arl4c was detected in the 06 cytoplasm of PNs and granule cells of the dentate gyrus of control and Rbx2 mutant hippocampi, albeit 07 at a higher level in the latter ( Figure 5E and S4). 08
In hippocampal PNs, Arl4c was detected in puncta, mostly in the cytoplasm but also in the 09 nucleus, and diffused at the plasma membrane ( Figure S5A ). To determine whether Arl4c localization 10 was changing in response to Rbx2 depletion, we cultured E17.5 hippocampal neurons from control and 11
Rbx2cKO-Emx1 embryos and analyzed Arl4c expression at four days in vitro (DIV). In culture neurons 12 from control hippocampi, Arl4c was detected in puncta in the cytoplasm, both in the soma and neurites, 13 as well as at the plasma membrane ( Figure S5B ). Rbx2 mutant neurons showed a similar Arl4c 14 distribution as in the controls but with an increased Arl4c signal both at the plasma membrane and in 15 puncta ( Figure S5C ). Interestingly, depletion of Rbx2 significantly increased the total number of Arl4c+ 16 puncta in the cell ( Figure S5D ). These results confirm that depletion of Rbx2 promotes Arl4c 17 accumulation at the single-cell level, that Arl4c is distributed both in puncta and at the plasma 18 membrane in hippocampal neurons, and suggest that neurons oppose the increased levels of Arl4c by 19 storing it in intracellular vesicles. 20 21
Arl4c participates in dendritic development in vitro 22
Given that Arl4c expression correlates with dendrite formation and maturation in hippocampal 23 pyramidal neurons and that Arl4c regulates cytoskeleton dynamics in epithelial cell lines (Chiang et al., 24 2017; Nakahira and Yuasa, 2005), we assessed whether Arl4c participates in PN dendritogenesis. 25 E17.5 hippocampal primary neurons were co-transfected with a hARL4C expression plasmid or a 26 shArl4c expressing plasmid along with an EGFP expression plasmid ( Figure 6A and S6A). We fixed 27 the cells after two days and measured neurite complexity by Sholl analysis. In comparison to controls, 28 over-expression of hARL4C significantly reduced neurite complexity ( Figure 6A and 6B). On the 29 contrary, depletion of endogenous Arl4c increased neurite complexity ( Figure 6A and 6B). Interestingly, 30 when the distance of the longest neurite was measured, which usually corresponds to the developing 31 axon, no differences were observed between conditions ( Figure 6C ), nor was the complexity of the 32 longest neurite affected in any condition ( Figure 6B , >60µm). These results suggest that Arl4c 33 participates in the formation of the dendritic tree in hippocampal neurons without affecting the growth 34 or complexity of the prospective axon. 35 8 Finally, we tested the possibility that accumulation of Arl4c and/or Arf6 in PNs was responsible 39 for the migration and dendritic phenotypes observed upon CRL5 inactivation ( Figure 7A and 7B). Using 40 IUE, we knocked down Cul5 together with Arl4c or Arf6 from hippocampal PNs ( Figure 7C and 7D, and 41 Figure S6 ). Depletion of Arl4c completely rescued the over-migration phenotype caused by Cul5 KD 42 and the majority of PNs were found in the sp with a single apical dendrite towards the sr ( Figure 7C  43 and 7E). However, the dendritic tree of Cul5/Arl4c-KD PNs failed to extend into the slm. Apical dendrites 44 from Cul5/Arl4c-KD PNs emerged normally but an obvious increase in dendritic arborization occurred 45 at the lower end of the sr and did not innervate the slm ( Figure 7C ). 46
Knocking down Arf6 did not rescue the PN over-migration phenotype caused by Cul5 KD, but 47 exacerbated PN over-migration with more PNs located the at lower end of the sr (Figure 7D and 7E). 48
These results support the hypothesis, previously established in the cortex, that active Arf6 inhibits 49 neuron migration (Hara et al., 2016). Despite the enhancement in PN displacement, no Cul5/Arf6-KD 50 PN was found in the slm and in several instances electroporated PNs were found arrested at the 51 boundary between sr and slm. Due to the large clustering of Cul5/Arf6-KD PNs at the sr/slm boundary, 52
we were unable to precisely determine the dendrite morphology of these neurons. However, we did not 53 observe any dendrite penetrating into the slm ( Figure 7D ). These data suggest that CRL5 participates 54 in PN localization and apical dendrite formation by regulating Arl4c and Arf6 levels. 55
Given that Cul5-KD PNs did extend dendrites into the slm, we hypothesized that the failure to 56 do so in Cul5/Arl4c-and Cul5/Arf6-KD PNs would be independent of CRL5 activity but dependent on 57
Arl4c and Arf6 activity. To test this hypothesis, we IUEd shArl4c and shArf6 individually in the 58 hippocampus and determined the ability of electroporated PNs to innervate the slm. Both Arl4c and 59
Arf6-KD PNs were located in the sp and extended a single apical dendrite towards the sr ( Figure 7F  60 and 7G). Importantly, depletion of Arl4c or Arf6 blocked, for the most part, the ability of PNs to extend 61 their dendrites into the slm, confirming that Arl4c and Arf6 are novel signaling effectors involved in PN 62 dendritic outgrowth into the slm. 63 64
Discussion 65
Our results show that CRL5 is required for PN migration and apical dendrite formation. Rbx2 66 mutant PNs, principally those from the CA1 region, are ectopically displaced into the so and sr/slm. 67
Over-migration into the sr/slm is a cell-autonomous effect of CRL5 inactivation, but cell autonomous 68
Cul5 KD does not cause under-migration into the so. These results indicate that both cell and non-cell 69 autonomous phenotypes shape the Rbx2 mutant hippocampus. Moreover, CRL5 inactivation disrupts 70 the formation of normal, single, radially oriented PN apical dendrites and promotes the formation of 71 multiple or non-radially oriented apical dendrites. We uncovered Arl4c as a novel signaling effector 9 present in PNs, dynamically expressed during brain development, and important for dendritic 73 arborization in hippocampal neurons. Furthermore, RNA sequencing and quantitative proteomic assays 74 indicate that CRL5 regulates levels of Arl4c, Cyth-1, and Arf6 post-transcriptionally, and that 75 accumulation of Arl4c is necessary for the phenotypes observed in CRL5-depleted PNs. Finally, we 76
show that Arl4c and Arf6 participate in the outgrowth of PN apical dendrites into the slm. 77 78 CRL5 regulation of Arl4c signaling 79
Our quantitative proteomic analysis indicates that CRL5 is a crucial regulator of the brain 80 proteome during development in a potential direct (proteins accumulated in absence of Rbx2) and 81 indirect fashion (proteins loss). Among these, we identified several proteins accumulated in absence of 82 Arl4c levels, in IUE experiments, rescues this phenotype, it is unlikely that stress or inflammation may 36 be responsible for the phenotypes observed upon CRL5 inactivation. Tau secretion has also been 37 shown to promote "v-shape" dendrites in hippocampal granule cells (Bolos et al., 2017). Interestingly, accumulate in the Rbx2 mutant telencephalons (Supplementary Table 1 ), suggesting that, in the 40 absence of CRL5, Tau secretion may be enhanced, promoting the "v-shape" dendritic phenotype. 41
Our work also uncovered Arl4c as a novel, functional small GTPase in the nervous system. 42
Moreover, its dynamic protein expression, but stable mRNA expression, in the hippocampus over time 43
indicates a tight post-transcriptional regulation, most likely by CRL5-dependent turnover. Given the low 44 levels of Arl4c during the period of PN migration (Khalaf-Nazzal and Francis, 2013) and Arl4c KD 45 experiments ( Figure 7F ), our results convey that Arl4c does not participate in PN migration and only its 46 strong accumulation in absence of CRL5 activity may be responsible for the migration defects observed 47 in PNs. However, our data indicate that Arl4c participates in PN dendritogenesis in vitro and in vivo. In 48 vivo, Arl4c and Arf6 regulate PN dendrite outgrowth into the slm. Interestingly, endogenous Arl4c 49 expression peaks during PN dendritogenesis at early postnatal stages. We hypothesize that increase 50 levels of Arl4c are necessary to activate Arl4c signaling, triggering dendritic outgrotwth into the slm. or ProSignal Femto ECL reagent (Genesee Scientific) by exposing to X-ray films. Films were scanned 69 on an Epson perfection V600 photo scanner and converted to 16-bit images for band densitometry 70 quantification using FIJI software (ImageJ2 v1.51t, NIH). Protein abundancy was calculated upon band 71 densitometry analysis compared to littermate controls and results were normalized using the detection 72 of Actin or Tuj1 as a loading control. All images were assembled using Adobe Photoshop and Illustrator. 73
For all in vivo data sets biological replicates were obtained from at least two different litters or in utero 76 electroporations. Specific number of biological replicates (Ns) are specified in each figure/figure legend. 77
For hippocampal size and DKK3+ cell quantification, we quantified the hippocampus in each 78 hemispheres of three sections containing the dorsal hippocampus in which the habenula was visible. 79
For IUEs, all detected GFP+ cell bodies in the CA1/CA2 regions were quantified for at least three 80 electroporated sections in each brain; for dendrite quantifications only those cells where a clear apical 81 dendrite(s) were observed were used for our quantifications. 
